SUMMARY
Premature closure of skull sutures is a relatively common disorder, with an estimated incidence of 1 per 1000 births [1, 2] . In the absence of early surgical correction, compensatory deformation of the skull occurs during rapid growth of the brain in early infancy and this may lead to increased intracranial pressure, especially in children aged more than 1 yr, particularly when multiple sutures are involved [3] . With single suture involvement (the most frequent situation), effects on brain development are variable and there are mostly cosmetic problems [3, 4] . The goal of surgery is to restore normal anatomy at an early age in order to achieve the best cosmetic result and avoid possible cerebral consequences [1, 5] . Surgical procedures for correction of craniosynostosis are performed, therefore, in young infants with a small blood volume and represent major craniofacial surgery with unavoidable and extensive blood loss. Accurate determination and precise restoration of blood losses are important during and after operation. Kearney, Rosales and Howes [6] described an elegant method of assessing peroperative blood loss in this type of procedure. The aim of this study was to evaluate blood loss and adequacy of transfusion practices in a large series of patients undergoing primary correction of craniosynostosis.
PATIENTS AND METHODS
After obtaining parents' consent and Institutional Board approval, from January 1988 to January 1990 we studied patients undergoing correction of craniosynostosis. A note was made of age and weight at operation, perinatal history, type of craniosynostosis and associated anomalies or dysmorphic syndromes, type of surgical procedures performed, duration of surgery, peroperative monitoring, peroperative complications and duration of assisted ventilation after operation. The surgical procedure depended upon the type of synostosis and the age of the patient. Strip craniectomies, often with associated posterior craniectomy, were the most simple procedures used only in very young children with isolated sagittal suture involvement (scaphocephaly); other procedures included forehead reconstruction, floating forehead and complex vault remodelling. All the procedures were performed under general anaesthesia without induced hypotension after skull infiltration with adrenaline 1:200000 in normal saline.
Anaesthesia was maintained using continuous i.v. infusion of alfentanil and controlled ventilation with 0.8-1.5% isoflurane and 50% nitrous oxide in oxygen. Monitoring included continuous ECG, core temperature, non-invasive automated arterial pressure and end-tidal carbon dioxide analysis. Invasive monitoring (arterial or central venous pressure) was used if necessary. Preoperative blood samples were obtained for red blood cell and platelet count, measurement of haemoglobin and PCV and coagulation screen. Serial blood samples were obtained 2-hourly during operation and 12 h after operation and as frequently as clinically indicated, for measurement of blood-gas tensions and PCV.
Intraoperative management included strict observance of an isovolaemic haemodilution regimen, with fluid replacement, based upon haemodynamic variables and comprising human serum albumin and packed red blood cells in order to maintain PCV in the range 0.28-0.35-a value considered generally as adequate for oxygen transport and tissue delivery [7] . Fresh frozen plasma was used only in patients requiring more than 70 % of estimated blood volume transfusion.
At the end of surgery, anaesthesia was discontinued and the trachea extubated or the patient sedated lightly with assisted ventilation. The criteria used for extubation were: rapid recovery with stable spontaneous ventilation, haemodynamic stability and normothermia, short-duration procedure with relatively small blood loss and absence of continuing bleeding via surgical drains. Patients were observed closely for at least 12 h. Full blood cell count and coagulation screen were obtained in the postoperative period in all patients. The type, volume and timing of transfused blood products were noted. In an attempt to simplify estimation of blood loss, all estimated volumes referred to red cell volumes; fresh frozen plasma volumes were analysed separately. Estimated body blood volume (EBV) = 80 ml kg" 1 and red cell volume (ERCV) = EBV x PCV were calculated before operation.
The following variables were then calculated for the periods during and after operation: estimated red cell volume transfused (RCT) = 0.75 x volume of packed red cells; estimated red cell volume deficit (ERCD) = ERCV x PCV variation; estimated red cell volume lost (ERCL) = ERCD + RCT; percent of ERCV lost = ERCL/ERCV.
Data were statistically analysed using the Statistical Package for the Social Sciences (SPSS/PC+ , MJ Norusis Ed. SPSS Inc. Chicago 1992). Tabular data were analysed using contingency tables (chisquare or Fischer's exact test) and differences of means using Student's t test, ANOVA or KruskalWallis, as appropriate, depending on distribution and number of variables. Statistical significance was assumed with P < 0.05.
RESULTS
In a 2-yr period, we studied 130 patients treated by two surgeons; 15 were subsequently eliminated from analysis because of inadequate data. All patients had primary craniosynostosis repair, mean age at operation was 11.6 months (range 1-154 months; 77.3% of the population less than 12 months old) and mean body weight 8.63 kg (range 4-44 kg; 70.4% less than 10 kg). The type of skull deformation and surgical procedure are shown in table I. As in other series, isolated sagittal synostosis resulting in scaphocephaly was the most common type, representing 42.6% of cases [2] .
Invasive monitoring was used in 70 patients (60%), arterial cannula alone in 47, central venous catheter alone in three and both arterial and central venous monitoring in 20 patients. Ninety percent of the patients had arterial cannulae during the last year of the study. Duration of surgery differed significantly between surgical procedures, with a mean of 79.4 (SD 33.9) min for strip craniectomies and 137 (41.4) min for more complex procedures. Total estimated red blood cell volume lost during the peroperative period was 91 (66)% of preoperative estimated red cell volume (range 5-400%). ERCV, RCT, ERCD, ERCL and percent of ERCV lost are presented in table II. Only 13 patients (11.3%) undergoing simple surgical procedures did not require peroperative blood transfusion.
All other children (88.7%) had intraoperative transfusion with a mean 243.8 (181.4) ml (range 50-900 ml) of packed red blood cells. Fresh frozen plasma was used in only 56 children (48.7%). According to our criteria, 48.7 % of the patients were adequately transfused, 32% were slightly overtransfused and 19% were undertransfused. One patient died during surgery after massive bleeding from a large venous sinus. Venous air embolism occurred in three patients (2.6 % incidence), without further consequences. Transient hypotension was the most frequent peroperative incident, with a 35 % incidence. At the end of surgery, the trachea was extubated in 68.5 % of children.
The determinant factors for postoperative assisted ventilation were peroperative blood loss and duration of surgery. Duration of postoperative ventilation was 40-540 min. In the first 24 h after surgery, a mean 232.13 (148.8) ml of blood was lost through surgical drains (table II) . The PCV in drainage fluid was, in most instances, less than 0.15. Overtransfusion, according to our criteria, was more frequent in the postoperative period than during surgery (74% vs 32% (P < 0.001)), leading to possible unnecessary transfusion in some patients.
Postoperative complications included transient hypotension in 15% of patients, persistent bleeding in excess of 50 % of estimated red cell volume in 12.6% and thrombocytopenia (platelet count less than 65000 ml" 1 ) in three patients. Postoperative haemostasis was judged satisfactory with an activated prothrombin time of 60% or more of the normal value in all patients. No change in PCV was noted 24 h after surgery; no further transfusion was required and PCV at discharge from the hospital was always 0.30 or more.
The age of the patient correlated highly with blood loss (99 (73) % of ERCBV lost in patients younger than 6 months, compared with 72 (38) % lost in patients older than 6 months (P < 0.008)). The type of skull deformation correlated with the percentage of estimated red cell volume lost during surgery (P < 0.0001) and there was a correlation between type of surgical procedure and peroperative (P < 0.012), but not postoperative, blood loss (table III) . Separate analysis of the correlation between blood loss and type of surgical procedure was performed in the subgroup of scaphocephaly, for which three types of procedures could be used. Strip craniectomies involved less blood loss (60 (24.5)% of ERCV lost) than forehead reconstruction (106.4 (53.7)%) and complex vault remodelling (170.6 (10.3)%) (P < 0.006).
DISCUSSION
Craniofacial surgery for craniosynostosis treatment includes extensive osteotomies with considerable blood loss [2, 5, 6, [8] [9] [10] [11] [12] . Because of the well known complications of blood transfusion, with a current incidence of about 1 per 40000 and 5-10% of transfusion recipients being at risk of AIDS and hepatitis [13, 14] , methods designed to reduce blood loss are of interest.
Induced hypotension has been used in the past without clear benefit [10] . Skin infiltration with vasoconstrictors is used frequently, but is not very effective because periosteum and bone, not the scalp, are the major sources of blood loss [8] . Acute normovolaemic haemodilution is now used routinely in many paediatric surgical procedures [7] , but not, to our knowledge, during craniosynostosis surgery.
In this study, using strict guidelines for transfusion, we found no complications. However, it must be noted that about 10% of the patients could be satisfactorily managed without any packed red cell transfusion. Acute haemodilution alone is probably insufficient to avoid blood transfusion in this type of surgery and other techniques designed to reduce the need for homologous transfusion should probably be considered. Because of the small blood volume of young children, autologous transfusion with preoperative blood withdrawal is clearly not adequate to provide blood requirements during surgery. Peroperative blood salvage and retransfusion have been reported anecdotally during craniosynostosis repair [15] . In our recent experience with peroperative use of a cell saver in 15 patients, in spite of satisfactory blood salvage and significant reduction in homologous transfusion requirements, abrupt haemorrhage in patients with a small blood volume required associated use of homologous transfusion in nine patients.
The factors influencing peroperative blood loss have been analysed previously. In this type of surgery, trapping of large blood volumes in surgical drapes and dilution with irrigating fluids prevent precise measurement of blood loss. There are few published estimates of blood loss during these procedures; most refer to weighing sponges and measurement of suction volume [2, [8] [9] [10] . Kearney, Rosales and Howes reported an interesting method of assessing blood loss by serial determinations of PCV and calculation of red cell volume deficit. This method allows more precise evaluation of changes in blood volume and assessment of adequacy of transfusion practices [6] . Our blood losses were slightly greater than the reported values of 20-40% of estimated blood volume lost [6, [9] [10] [11] and may be explained partly by differences in surgical procedures, those in our series being more complex.
Forehead reconstructions and craniectomies with posterior flaps are associated with significantly more blood loss than strip craniectomies. As in other reports, we found that strip craniectomies had the smallest estimated blood loss. Because of the lack of details on surgical techniques in other series [6, [8] [9] [10] and the changes in surgical practice over a 15-yr period [6] , comparisons are difficult. However, it is easier to compare our study with the report from the Children's Hospital at Denver, where extensive craniectomies and complex vault reconstruction represent the third most common neurosurgical procedure performed in infancy [5] . Our results were broadly comparable to those reported in that study [5] , especially for brachycephaly and plagiocephaly treated with forehead reconstruction.
The duration of surgery varied between different types of skull deformation and different surgical procedures. It did not influence significantly the extent of operative blood loss. In these procedures, 20-50 % of the patient's estimated red cell volume may be lost in less than 30 min. For complex procedures the mean duration was similar to that of another series [6] , but less than the duration observed by Loftness, Albin and O'Donnell [5] . The age of patients at the time of surgery was associated with blood loss, with a greater percentage of ERBCV lost in infants younger than 6 months. However, it must be noted that cosmetic and neurological outcome are more important in this age group [5, 6] . In our institution, the optimal age for surgery represents a compromise between surgical conditions with easier and shorter operations in younger children, and physiological tolerance to acute blood loss with greater haemodynamic stability in children older than 6 months. Thus most of our children were aged 6-12 months, with body weight 6-10 kg.
It appeared that postoperative management did not achieve the goal of controlled haemodilution and attempts to modify transfusion practice during the recovery period are now in place. This difference in management during and after operation, with possibly unnecessary transfusion during the postoperative period, was noted also by Kearney, Rosales and Howes, who did not use deliberate peroperative haemodilution [6] . This demonstrates clearly the inadequacy of transfusion regimens dealing more with measurement of blood drainage than with physiological observation and measurement of PCV. Another shortcoming of postoperative management in this study was the difficulty in establishing correlations between estimated blood losses and their principal determinants. There were no statistical correlations between estimated postoperative blood loss and determinants such as type of synostosis and surgical procedure.
